By studying the photoluminescence of Alq 3 films as a function of time exposure to open and dry atmospheres, it has been found that the emission intensity can be described in a meaningful physical way by four, and only four, exponential decays. If the morphological structure of the film is also taken into account, then it is deduced that the bulk of the film is composed of three different states of aggregation that have been called species 1, 2, and 3. This unexpected discovery opens new research scenarios in the basic and applicative aspects of the Alq 3 molecule.
Experimental
Alq 3 films were grown on glass substrates at room temperature by thermal evaporation of materials obtained from the Aldrich Company, 99.995% pure, without any further purification. The vacuum pressure in the evaporation chamber was 10 −6 Torr, the distance between the crucibles and substrates was kept at 28 cm, and the holder for the substrates was made of copper and kept at room temperature, RT. The films were grown at a rate ϳ1 nm/min and their thickness measured with a Tencor Alphastep profilometer. The fluorescence measurements were carried out at a resolution of 1 nm using a Jobin Yvon Fluorolog-3 spectrofluorometer with front-face detecting geometry, and by exciting the samples at 395 nm with the same lamp light of the spectrofluorometer through a 1 nm slit and with a power intensity well below 1 mW. The absorption was measured with a Perkin-Elmer -19 spectrophotometer. The data reported here were obtained mostly from sample alq63-3, 45 nm thick, at various stages of its lifespan under dark conditions in the laboratory atmosphere, where temperature, T, and relative humidity, H, were practically constant, i.e., T = 22°C and H = 50%. Absorption spectra were measured sporadically and then only to check the qualitative status of the samples, and the spectra were always similar to typical spectra reported in the literature, while the emission spectra were measured frequently during a time duration of more than 400 days. The sample terminology, alq63-3, means a film of Alq 3 belonging to the 63rd evaporation, and being the third of four films grown on the same holder at the same time. The other three films have been used for other experimental runs. Figure 1 shows the evolution of the emission band during the first 600 h, which results in a decreasing intensity and a shift of the wavelength peak toward the blue side of the spectrum, as observed in other samples previously. 8 Leaving aside the relatively small spectral changes, the peak intensity of the bands at about 525 nm is reported vs time in Fig. 2 . The intensity of luminescence decreases very fast at the beginning, reaching one-half its original value after about 800 h, and slowing its rate at longer times.
Results and Discussion
At first, this behavior suggested an exponential decay, and so a simple fit of the type I͑t͒ = A exp͑t/͒ was attempted. The result is reported in Fig. 2 , and its complete failure is beyond evidence. However, by analyzing the time behavior of the experimental data closely, we have found four, and only four, contiguous groups of data which can be described as each of them with single exponential decays, i.e., in the time intervals 0-1, 4-400, 500-5000 h, and 6000-10,000 h. As an example, Fig. 3 shows the single exponential best fit of the experimental data from 4 to 400 h, which is fully satisfactory. So, performing a best fit by using four exponential functions with a total of eight almost independent parameters, i.e., amplitudes A 1 , A 2 , A 3 , A 4 , and time constants 1 , 2 , 3 , 4 , it was possible to obtain rapidly converging results. However, the previous partial analysis provided the starting values of these parameters, which moved quickly to the final values with the minimum figure of the 2 . The decreasing full line in Fig. 2 is the multiexponential curve which fits the emission data in a satisfactory way, by taking into account the experimental errors of 0.01-0.05 in that scale. The values of the amplitudes and of the time constants of the four exponential curves are reported in Table I . Other measurements performed in our laboratory have confirmed the above analysis on the sample alq63-3. So, these experimental results indicate that the pho-toluminescence decay of Alq 3 occurs through four different temporal processes, a novelty in the broad panorama of properties of this complex molecule which is most probably related to the morphological structure of the film.
At this point, it is necessary to stress that the present fitting procedure has been suggested by the same experimental data, and so the obtained amplitudes A i and constant times i do have a physical meaning referring to a hierarchical progression for the decay of the film. On the contrary, a generic multiexponential and perhaps also a polynomial approach would have been as successful as the present one by increasing the number of fitting parameters, but without any meaningful relationship with the physical system under study.
When the above four components appeared in the analysis of the experimental data, at first there was an attempt to relate them to the known crystalline phases named ␣, ␤, ␥ 9 and ␦, 10 or otherwise called A, B, and C, 11 which possess different structural and spectroscopic properties. We tried to explain the number and the behaviors of the just discovered components by resorting also to a blending of the crystalline phases in the film structure, but the task proved to be impossible because of the peculiar spectral properties of the same phases, mostly at odds with the present experimental findings. ␣ and A, ␦ and B, and C phases, among the most known ones, possess an emission peak at 505, 470, 540 nm, respectively, different from the 525 nm value of the film. There was also the difficulty in explaining the formation of the crystalline phases which require suitable physical conditions, like sublimation and annealing at various temperatures from 300 to 420°C, different from those utilized here for the fabrication of the films, a single temperature for evaporation on a RT substrate. Moreover, films obtained by evaporation of Alq 3 in vacuum possess a substantial structural disorder, 9,12,13 and display a close packing of droplets whose size depends on the same deposition conditions. 14 The initial amorphous structure of the film, together with the results of this work, provided the idea for explaining, at least qualitatively for the moment, both the existence of the four components and their time behavior, which is described in the following.
The incredibly short constant time of the first component, 1 = 0.69 h, is a consequence of the structure of the film, that can be described as being composed by molecules on the surface and molecules imbibed in the bulk of the film, namely, surface and volume of the above-mentioned droplets. The molecules on the surface, which in the present case represent 12% of the total, a value in fair agreement with a pure geometrical calculation, are completely unprotected against the atmospheric agents, while the ones inside the volume of the droplets are better protected at least by the upper Figure 1 . Photoluminescence spectra of a 45 nm thick film of Alq 3 excited at 395 nm. The different curves were measured at successive times as indicated in the legend in order of decreasing intensities from 1 to 7, up to almost 600 h after having moved the sample into open atmosphere from a dry box where it was kept for a few days after evaporation. The situation is different concerning the other three components. They display three vastly different and longer time constants. The three exponential decays are at odds with a diffusion process alone, which implies a continuous variation of the decay time. So, it is suggested that these three components correspond to three different aggregation states of the Alq 3 molecule, which we have called species 1, 2, and 3, as reported in Table I . These species are constituted by unique local packings of molecules which link them in different ways, 9 and lead to a protection against the external agents which is increasing by moving from species 1 to species 3. This proposed model for the four emission components is also supported by preliminary measurements performed on other films of Alq 3 kept in a dry box. The constant times of the first component of such films are more than one order of magnitude longer with respect to the short value reported here, while smaller variations are noted for the time evolution of the other three components. This experimental observation is further proof of the direct exposure of the so-called first component to the open atmosphere, which is much more effective in destroying the Alq 3 molecules being richer in moisture than the same atmosphere in a dry box.
Conclusions
Although we do not know yet why there are only three successful ways of close packings, they explain the vastly different values of the three constant times, and the shift toward the blue side of the spectrum of the emission band, see Fig. 1 , attributed to the different spectral features of the three species. Their existence is also supported by a recent observation that the luminance decay of OLEDs exposed to the atmosphere displays three distinct temporal regions. 16 They can be explained by the presence of the above three species, which are subjected to different mechanisms of degradations. More subtle is the comparison with the three degradation pathways described recently 13 and associated to the morphological changes of the film under the effect of moisture and temperature. The present measurements indicate that three different species are present in the film from the beginning, while in Ref. 13 the original structure is indistinctly amorphous. However, there are remarkable similarities between the two descriptions, like three species-three degradations, which should be a matter of further studies.
The present measurements indicate that films of Alq 3 are made up of three species which have different optical and physical properties. Clearly, the number of species is somewhat related to the structure of the molecule ͑and to its two isomers?͒, to the known crystalline phases, and to different degradation mechanisms, although there are not straight apparent connections at the present status of knowledge. Anyway, a sizable part of the molecules in the film, the so-called species 3, displays a degradation time constant of about 10,000 h in open atmosphere, and longer in a dry box, a result which indicates interesting perspectives for applications.
